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Abstract
Background

The possibility of emergence of praziquantel-resistant Schistosoma parasites and the lack
of other effective drugs demand the discovery of new schistosomicidal agents. In this con-
text the study of compounds that target histone-modifying enzymes is extremely promising.
Our aim was to investigate the effect of inhibition of EZH2, a histone methyltransferase that
is involved in chromatin remodeling processes and gene expression control; we tested dif-
ferent developmental forms of Schistosoma mansoni using GKS343, a selective inhibitor of
EZH2 in human cells.

Methodology/Principal findings

Adult male and female worms and schistosomula were treated with different concentrations
of GSK343 for up to two days in vitro. Western blotting showed a decrease in the
H3K27me3 histone mark in all three developmental forms. Motility, mortality, pairing and
egg laying were employed as schistosomicidal parameters for adult worms. Schistosomula
viability was evaluated with propidium iodide staining and ATP quantification. Adult worms
showed decreased motility when exposed to GSK343. Also, an approximate 40% reduction
of egg laying by GSK343-treated females was observed when compared with controls
(0.1% DMSO). Scanning electron microscopy showed the formation of bulges and bubbles
throughout the dorsal region of GSK343-treated adult worms. In schistosomula the body
was extremely contracted with the presence of numerous folds, and growth was markedly
slowed. RNA-seq was applied to identify the metabolic pathways affected by GSK343
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sublethal doses. GSK343-treated adult worms showed significantly altered expression of
genes related to transmembrane transport, cellular homeostasis and egg development. In
females, genes related to DNA replication and noncoding RNA metabolism processes were
downregulated. Schistosomula showed altered expression of genes related to cell adhesion
and membrane synthesis pathways.

Conclusions/Significance

The results indicated that GSK343 presents in vitro activities against S. mansoni, and the
characterization of EZH2 as a new potential molecular target establishes EZH2 inhibitors as
part of a promising new group of compounds that could be used for the development of
schistosomicidal agents.

Author summary

Schistosomiasis is a chronic and debilitating disease caused by a trematode of the genus
Schistosoma. The current strategy for the control of the disease involves treatment with
praziquantel, the only available drug. The development of new drugs is therefore a top pri-
ority. Drugs that inhibit histone modifying enzymes have been used in cancer, altering
gene expression, replication, repair and DNA recombination. Schistosoma parasites have
some characteristics similar to malignant tumors, such as intense cell division and high
levels of metabolic activity. Here we evaluate in Schistosoma mansoni the effect of
GSK343, an inhibitor of the histone methyltransferase EZH2 that had been shown to
arrest or reduce the growth of human cancer cells. We show that GSK343 causes damage
to the parasite tegument and reduces egg laying in vitro, concomitant with a decrease in
levels of H3K27me3, the histone mark put in place by EZH2. RNA-seq and proteomic
analyses of treated parasites showed changes in the expression of hundreds of genes
involved in important metabolic processes. In females, a marked decrease was observed in
the expression of genes related to processes such as DNA replication and noncoding RNA
metabolism. In conclusion, the histone methyltransferase EZH2 seems to be a promising
novel drug target against schistosomiasis.

Introduction

Schistosomiasis is a chronic and debilitating disease caused by trematodes of the genus Schisto-
soma and is one of the most prevalent and neglected diseases of tropical and subtropical
regions, affecting more than 250 million people in 78 countries [1,2]. Despite efforts to control
schistosomiasis in Brazil, it remains the South American country with the highest number of
registered cases [3,4]. The severity of the disease and the organic deficit it produces make schis-
tosomiasis the second most important neglected tropical disease in terms of death and morbid-
ity, behind only malaria [4,5].

Current schistosomiasis treatment is based on the use of praziquantel (PZQ), which is effec-
tive against all Schistosoma species infecting humans [6]. Despite the advantages of PZQ as an
anthelmintic drug of choice, which include tolerability, safety, efficacy, and low cost, it does
not protect individuals against reinfection [7]. A major disadvantage of PZQ is its low efficacy
against immature forms [8] and female worms [9]. In addition, the appearance of resistance of
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some strains of Schistosoma to the drug is a constant concern for the public health authorities
[7,10,11]. Thus, there is a need for identifying new targets [12] and for planning, development
and research of new compounds as potential schistosomicides [13].

Schistosoma, like other parasites, has some physiological characteristics similar to malignant
tissues, such as intense and out-of-control cell division (for egg production), and a high level
of metabolic activity similar to tumors [14]. Such metabolic similarities have generated interest
in testing histone deacetylase inhibitor anti-cancer drugs such as valproic acid (VPA), suberoy-
lanilide hydroxamic acid (SAHA) and Trichostatin A (TSA) as schistosomicidal compounds
[14]. In particular, TSA has been shown to cause mortality of schistosomula and adults, an
increase in apoptosis and increase in caspase 3/7 activity [14].

In our group, we have recently identified a set of genes differentially expressed in schistoso-
mula exposed to TSA in culture [15], which are genes associated with DNA replication, recom-
bination and repair, cell cycle and cell death. Interestingly, a network of genes with altered
expression related to cell death was identified [15], among which the Embryonic Ectoderm
Development (EED) gene was present; EED expression was strongly suppressed by TSA treat-
ment [15]. EED encodes a regulatory protein that is required for the catalytic activity of the
histone methyltransferase EZH2 enzyme, the subunit of polycomb repressor complex 2
(PRC2) that is responsible for trimethylation of histone H3 lysine 27 (H3K27me3) and inhibi-
tion of gene transcription [16]. Inhibition of EED expression by TSA led us to test the hypothe-
sis that the decrease in the activity of PRC2 would be related to the death of the parasites [15].
We therefore targeted the S. mansoni PRC2 with GSK343 [15], a compound that is a known
inhibitor of the human EZH2 enzyme [17,18] that was predicted to bind to SmEZH?2 and act
as a competitive inhibitor of its cofactor S-adenosyl methionine (SAM) [15]; prediction was
done by homology modeling [15] of the SmEZH?2 protein (Smp_078900) to the crystal struc-
ture of the human hEZH?2 [19], followed by GSK343 docking to the SAM cofactor pocket of
the SmEZH?2 protein [15]. In that work, we showed that GSK343 has a synergistic effect along
with TSA in promoting S. mansoni in vitro death [15].

In the present work we investigated in detail the effect of exposing S. mansoni in vitro to
GSK343 alone. GSK343 was found to kill three different developmental forms of S. mansoni
tested, namely schistosomula, adult males and females, and western blotting confirmed a
decrease in the H3K27me3 histone mark in all three forms. Scanning electron microscopy and
phenotypic parameters such as motility, viability, oviposition and mating were analyzed to
document the changes upon GSK343 exposure that accompanied parasite death. Analysis of
the effect of GSK343 on the large-scale gene expression of treated worms was performed with
a high-throughput sequencing strategy (RNA-seq). In addition, the effect of GSK343 on the
relative abundance of proteins was determined with quantitative mass spectrometry. Profiles
of altered gene expression and of altered proteins abundance were identified.

Methods
Ethics statement

The experimental protocols were in accordance with the Ethical Principles in Animal Research
adopted by the Brazilian College of Animal Experimentation (COBEA) and the protocol/
experiments have been approved by the Ethics Committee for Animal Experimentation of
Instituto Butantan (CEUAIB n° 1777050816).

Maintenance of parasite life-cycle

The BH strain of Schistosoma mansoni (Belo Horizonte, Brazil) was maintained in the interme-
diate snail host Biomphalaria glabrata and as definitive host the golden hamster (Mesocricetus
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auratus). Female hamsters aged 3-4 weeks, freshly weaned, weighing 50-60 g, were housed in
cages (30x20x13cm) containing a sterile bed of wood shavings. A standard diet (Nuvilab CR-1
Irradiada, Quimtia S/A, Parand, Brazil) and water were made available ad libitum. The room
temperature was kept at 22 + 2°C and a 12:12 hour light-dark cycle was maintained. Hamsters
were infected by exposure to a S. mansoni cercariae suspension containing approximately
200-250 cercariae using the ring technique [20]. After 49 days of infection, the S. mansoni
adult worms were recovered by perfusion of the hepatic portal system [21]. Alternatively, after
21 days of infection juvenile worms [22,23] were collected by perfusion [21]. Cercariae were
released from infected snails and mechanically transformed to obtain schistosomula in vitro
[24].

Treatment of schistosomula, juvenile and adult worms with GSK343

Schistosomula, juvenile worms and adult worms were treated with different final concentra-
tions of GSK343 in culture medium specific to each stage as indicated in the Results (from a
stock solution of 20 mM GSK343 in DMSO), and with the equivalent amount of DMSO in the
control assays. Newly transformed schistosomula (NTS) were maintained for 16 h in M169
(Vitrocell) medium supplemented with 2% fetal bovine serum (FBS) (Vitrocell), 1 uM seroto-
nin, 0.5 uM hypoxanthine,1 uM hydrocortisone, 0.2 uM triiodothyronine, penicillin/strepto-
mycin, amphotericin, gentamicin (Vitrocell) at 37°C and 5% CO, [25]. Only after 16h
incubation with the culture medium was the GSK343 treatment initiated. Juvenile worms and
paired adult worms were maintained in RPMI medium (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Vitrocell), penicillin/streptomycin, amphotericin, gentamicin (Vitrocell)
at 37°C and 5% CO..

Motility assay

An inverted microscope was used to evaluate the general condition of adult worms, including
motility and mortality rate. Parasites were observed after 3, 6, 12, 24 and 48 h of treatment
with 20 pM GSK343 or vehicle dimethyl sulfoxide (DMSO 0.1%). The motility and survival of
worms were assessed according to the criteria scored in a viability scale of 0-3 [26]. The scor-
ing system was as follows: 3, complete body movement; 1.5, partial body movement or immo-
bile but alive; and 0, dead. Treatment was considered lethal whenever no worm movement was
detected when observed for more than 2 min. In addition, pairing status and oviposition were
recorded.

Viability assay

The viability of schistosomula and S. mansoni adult worms after treatment was determined by
a cytotoxicity assay based on the CellTiter-Glo Luminescent Cell Viability Assay (G7570, Pro-
mega, Madison, Wisconsin, EUA) [27]. The assay determines the amount of ATP present in
freshly lysed adults or in intact schistosomula; the assay signals the presence of metabolically
active cells.

In addition, viability of schistosomula was evaluated by the presence or absence of dead par-
asites, through staining with propidium iodide (PI) [28] and fluorescein diacetate (FDA) [29],
as follows. Schistosomula were equally distributed in 96-well microtiter plates, incubated with
the concentration of GSK343 indicated in the figure or the corresponding DMSO vehicle (con-
trol), and 2 pg/mL propidium iodide (PI) (Sigma-Aldrich) plus 0.5 pg/mL fluorescein diacetate
(FDA) (Life Technologies) were added at the time points indicated in the legend to the figure.
The parasites were immediately observed with light microscopy at 10 x magnification using a
Nikon Eclipse fluorescent inverted microscope. Under light microscopy, viable parasites were
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scored by preserved mobility and lack of opacity. Under fluorescence microscopy, schistoso-
mula death was scored by a red fluorescence signal (572 nm emission microscope filter); in liv-
ing schistosomula cells FDA is converted into charged fluorescein by parasite esterase activity,
staining the schistosomula with a green fluorescence signal (492 nm emission microscope fil-
ter) [28,29]. For each time point a new set of wells was used, because the staining procedure
was lethal to the parasites. The number of biological replicates that were assayed, as well as the
number of parasites that were counted per replicate, is stated in the legends to the figures.

Caspase 3/7 activity

Caspase 3/7 activity was measured using the Caspase-Glo 3/7 assay kit (Promega) following
manufacturer’s instructions. Briefly, 2,000 schistosomula per well were cultivated in a 24 well
plate with complete medium (M 169 medium supplemented as described above) plus 20 uM
GSK343 or vehicle (DMSO 0.1%). At 48 h incubation the medium was replaced, the reporter
lysis buffer was added, followed by 3 h incubation with the Caspase-Glo reagent, in the dark
with agitation. A negative control was carried out without the Caspase-Glo reagent. Lumines-
cence was measured in a white-walled 96-well plate in a Wallac Victor2 1420 multilabel
counter (PerkinElmer).

TUNEL assay

Detection of DNA strand breaks in GSK343-treated schistosomula was performed using the In
situ Cell Death Detection kit (Roche) [30]. Briefly, 2,000 schistosomula per well were cultivated
in a 24-well plate with complete medium (M169 medium supplemented as described above)
plus 20 uM GSK343 or vehicle (DMSO). At 72 h incubation, the schistosomula were fixed for
60 min, made permeable prior to labeling as recommended by the manufacturer and mounted
in a glass slide using Prolong with DAPI (Invitrogen, USA) for nuclear visualization. Images
were taken on a Zeiss Axio Observer Z1 inverted microscope equipped with a 40x objective
lens and an AxioCam MRm camera, in the ApoTome mode.

Scanning electron microscopy (SEM)

Adult and juvenile worms collected by perfusion were immediately transferred to supple-
mented RPMI medium. The parasites were distributed in 24-well plates (adults: one paired
worm couple per well; juveniles: five worms per well) with the same medium. The schistoso-
mula were distributed in 6-well plates (2,000 per well) containing the supplemented M169
medium. The worms were kept in culture (oven at 37°C and 5% CQO,) for 2 h for adaptation,
and then GSK343 was added.

Ultrastructural analysis was performed with scanning electron microscopy. Adult worms,
juvenile worms and schistosomula incubated in 20 pM GSK343 or DMSO vehicle for 24 h and
48 h were fixed with modified Karnovsky reagent (1% paraformaldehyde, 2.5% glutaraldehyde,
1 mM calcium chloride in 1 M sodium cacodylate buffer, pH 7.4) and after the fixing stage the
material was washed with sodium cacodylate buffer (0.1 mol / L, pH 7.2) and post-fixed with
1% osmium tetroxide (w / v) for 1 h. The same protocol was used for SEM of eggs released
from the couples incubated with GSK343 or the vehicle.

The samples were dehydrated with increasing concentrations of ethanol and then dried
with liquid CO, in a critical-point dryer machine (model Leica EM CPDO030, Leica Microsys-
tems, Illinois, USA). Treated specimens were mounted on aluminum microscopy stubs and
coated with gold particles using a ion-sputtering apparatus (model Leica EM SCD050, Leica
Microsystems, Illinois, USA) [31]. Specimens were then observed and photographed using an
electron microscope (FEI QUANTA 250, Thermo Fisher Scientific, Oregon, USA).
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Western blotting

In the preparation of histone acid extracts of adult parasites, fifty pairs of worms (either
treated or control) were soft lysed with 500 uL lysis buffer (PBS containing 0.5% Triton X-
10, 0.02% NaN; and Mini Protease Inhibitor Cocktail-Complete from Roche) in a glass Pot-
ter homogenizer. The samples were centrifuged (10 min, 2000 g at 4°C) and pellets contain-
ing the nuclear material were washed once in 200 pL lysis buffer then centrifuged again [14].
The pellet containing the nuclear fraction with the histones was resuspended in 400 pL 0.25
M HCI with protease inhibitor and the solution was incubated overnight at 4°C in order to
precipitate acid proteins [32]. The samples were centrifuged (30 min, 16000 g at 4°C) and
the histone proteins contained in the supernatant were concentrated with trichloroacetic
acid 33% [33]. The final pellet with histones was taken up in MilliQ water with protease
inhibitors.

For schistosomula nuclear histones extraction, treated or control samples containing
approximately 10,000 schistosomula each were used. Each sample was sonicated on ice in an
Eppendorf tube for 10 min with an Active Motif sonicator model Q120AM (5 s ON, 5 s OFF,
20% amplitude) in lysis buffer (PBS containing 0.5% Triton X-100, 2 mM PMSF, 0.02% NaN,
and Mini Protease Inhibitor Cocktail—Complete from Roche). After the sonication, total lysis
of the schistosomula was checked under an optical microscope, the samples were centrifuged
20 min at 13,000 g, 4°C, and the supernatant containing the nuclear protein extract was stored
in a clean tube at -80°C.

The nuclear protein concentration of extracts of adult worms or schistosomula were deter-
mined with the Micro BCA Protein Assay kit (Pierce Biotechnology). From each sample, 10 ug
of extracts was loaded on 15% SDS-Polyacrylamide gels, and after electrophoretic protein sep-
aration, the proteins were electro-transferred (TE 77 Amersham Biosciences) from the gel to a
nitrocellulose membrane (Amersham) for 1.5 h at 100 mA. Briefly, membranes were blocked
with Tris-buffered saline (TBS) containing 0.1% Tween 20 and 2% bovine serum albumin
(TBST/2% BSA), and then probed overnight with specific antibodies in TBS/2% BSA. Mem-
branes were washed with TBST and incubated for 1 h in TBST/2% BSA with secondary anti-
body conjugated with IRDye (IRDye 800CW goat anti-rabbit or IRDye 700CW goat anti-
mouse from Licor Biosciences). After washing the membranes in TBST, the bands were visual-
ized and images were recorded with the Odyssey Infrared Imaging System (Licor Biosciences),
and quantified with Image J [34]. Acetylation and methylation of histones was measured with
specific monoclonal antibodies to the following lysine modifications: Histone H3 acetyl K9
antibody C5B11 (Cell Signaling) (1:1000), Histone H3 acetyl K27 antibody ab45173 (Abcam)
(1:500), Histone H3 tri-methyl K4 antibody 04-745 (Millipore) (1:2000), Histone H3 tri-
methyl K27 antibody ab6002 (Abcam) (1:1000), Histone H3 mono-methyl K27 antibody
61015 (Active Motif) (1:250). For normalization of the signals across the samples anti-Histone
H3 antibody ab24834 (Abcam) (1:1000) was used.

RNA extraction for deep sequencing (RNA-Seq)

Adult worms or schistosomula were maintained in the stage-specific culture media described
above (at 37°C and 5% CO,) and were treated for 48 h with either 20 uM GSK343 or the
DMSO (0.1%) vehicle.

Total RNA extraction from parasites was performed using the RNeasy Mini Kit (QIAGEN)
for adults (in three biological replicates) and the RNeasy Micro Kit (QIAGEN) for schistoso-
mula (four biological replicates), following the instructions provided by the manufacturer,
including the optional DNase treatment during extraction of total RNA to ensure the removal
of eventual contaminating genomic DNA present in RNA.
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RNA purity was evaluated with NanoDrop (ND-100 Spectrophotometer, Thermo Scien-
tific) and it was adequate for RNA-seq library construction (ratio A260 / A280 = 2.2, A260 /
A230 = 2.0). RNA integrity was assessed by electrophoresis with the 2100 Bioanalyzer (Agi-
lent). The Agilent RNA 6000 Nano or Pico Assay protocols were followed, depending on the
amount of RNA in the samples. Only the band corresponding to 18S ribosomal RNA and not
the 28S band was present, as expected [35], plus a smear above 500 nt, which indicated no
RNA degradation. The RNA concentration was measured with Qubit 2.0 fluorimeter (Invitro-
gen by Life Technologies), and the total RNA obtained was in sufficient quantity (> 1 ug per
sample of adult worms) for library construction with the KAPA Stranded mRNA-Seq Kit
(KK8421) for adult worm samples, and with the SMART-Seq v4 Ultra Low Input RNA Kit
(634891) for schistosomula samples (> 10 ng per schistosomula sample). Both kits have steps
where polyA+ RNA is purified prior to cDNA generation. Library construction and RNA-Seq
were performed in biological triplicates for adult worms and in quadruplicates for schistoso-
mula at the Duke Center for Genomic and Computational Biology facility (Duke University
Durham, NC, USA). Sequencing was on the Illumina HiSeq 2500 platform.

RNA-seq dataset collection and preprocessing

The Illumina sequencing data (raw reads) were downloaded from the FTP server at the Duke
University facility and verified for files integrity with MD5 checksum. A total of 22 to 32 mil-
lion reads was obtained per each replicate sample of adult worms and 11 to 13 million reads
per each replicate sample of schistosomula. Quality check of reads was with FastQC (www.
bioinformatics.babraham.ac.uk/projects/fastqc/), and Trimmomatic [36] was used to trim Illu-
mina adapters and to filter out reads with low quality values using the following parameters:
MAXINFO with parameters 50:0.05, HEADCROP of 28 nucleotides, a LEADING and TRAIL-
ING value of 5, and minimum read length of 30 nucleotides.

Differential expression analyses from RNA-seq data

Mapping of reads to the genome and gene differential expression analysis were performed
with three different pipelines as described below. The different tools handle the problem of
mapping reads to alternatively spliced genes in different ways; the intersection of results of dif-
ferentially expressed genes (DEGs) from the three analyses was used as the core, most signifi-
cant DEGs. Version 5.2 of the S. mansoni genome [37] was used for all analyses.

The first pipeline used Tophat2 [38] that is part of the Tuxedo Tools, along with a custom
reference transcriptome gff file, which was based on the Sanger transcriptome [37] and
includes corrections for inconsistencies in some coordinates of start and end of UTRs; this cus-
tom reference transcriptome gff file is available at http://verjolab.usp.br. Read counting was
done with cuffquant using the Tophat2 BAM files as input, and a metagenes transcriptome
[39] as reference; this metagenes transcriptome reference gtf file is available at http://verjolab.
usp.br. Statistical significance analysis of differential expression was obtained by using cuffdiff
[40] with cuffquant counting as input and the default parameters, which imply the pooled dis-
persion method and the geometric library normalization method. A q-value < 0.05 was used
as significance threshold.

The metagenes transcriptome reference takes into account the evidence from public RNA-
seq data either that two or more genomic neighbor Smp_nnnnnn predicted genes do encode
fragments of the same protein and should be merged, or that in a given genomic locus a novel
transcript was assembled from the public RNA-seq data [39]. In the two cases the correspond-
ing transcript was named “SmVG_xxxxxx”, where xxxxxx stands for the XLOC_xxxxxx identi-
fier number generated for that locus during the assembly [39]. In the case that one or more
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Smp genes comprise the SmVG_xxxxxx metagene, it was further annotated as SmVG_xxxxxx:
Smp_nnnnnn to indicate the corresponding Smp_nnnnnn genes that comprise that
SmVG_xxxxxx; the expression value of that metagene was assigned to all SmVG_xxxxxx:
Smp_nnnnnn genes belonging to the same SmVG_xxxxxx metagene. Sequence and genomic
coordinates information for all SmVG_xxxxxx genes is available at the metagenes transcrip-
tome reference gtf file mentioned above.

The second pipeline employed Kallisto [41], which uses a pseudo-alignment approach to
map the reads against the genome. The metagenes transcriptome was again used as reference.
Sleuth [41] statistical package was used to find statistically significant DEGs with a -
value < 0.05.

Finally, the third pipeline employed Sailfish [42], which uses a quasi-mapping approach to
map the reads against the genome. EdgeR [43] was used for the statistical analyses and the
exact test proposed by Robinson and Smyth [44] was selected. A g-value < 0.05 was used as
significance threshold.

As mentioned, we retained for further processing only the consensus DEGs found by all
three procedures described above. Detailed expression values for all replicates and differential
expression statistical significance for these consensus genes are available at http://verjolab.usp.
br. Simplified lists with gene IDs, q-values, GO terms and product description are given in the
tables indicated in the Results section below.

Gene Ontology enrichment analyses

Gene enrichment analysis was performed with BINGO [45] using the S. mansoni annotated
Gene Ontology (GO) terms (www.geneontology.org) and the list of DEGs for each tested con-
dition. An enrichment cutoff value of corrected p-value < 0.05 was used as significance
threshold.

RT-qPCR validation of DEGs

For quantitative RT-PCR, complementary DNAs were obtained by reverse transcription (RT)
of 100 ng schistosomula or adult worms total RNA using SuperScript III Reverse Transcriptase
(Invitrogen) and random hexamer primers in a 20 pL volume, according to the manufacturer’s
recommendations. The resulting cDNA was diluted 8-fold in water and gPCR amplification
was done with 2.5 pL of diluted cDNA in a total volume of 10 puL using SYBR Green Master
Mix (Life Technologies) and specific primer pairs (S1 Table) designed for S. mansoni genes by
Primer3 online software. The Light cycle 480 II (Roche) qPCR was used. The results were ana-
lyzed by comparative Ct method and the statistical significance was calculated with the t-test.
To find adequate normalizer genes for qPCR, we looked for evidence of genes with non-
detectable changes in expression upon GSK343 treatment in the RNA-Seq data. For this, genes
with normalized TPM values > 1 in the control samples, as computed both by Sailfish and by
Kallisto (see above) were selected. Further filtering retained the genes that were not in the list
of DEGs, and had an average TPM ratio treated/control in both Sailfish and Kallisto analyses
within the interval 0.9-1.1 (maximum allowed difference between control and treated expres-
sion is 10%); additionally, the selected genes in the adult females and males analysis were
pooled and ranked by their coefficient of variation, from smaller to larger, and the top 5 genes
were selected for testing by qPCR; for schistosomula, the top 4 genes in a similar analysis were
selected for testing by qPCR. The final set of normalizers was confirmed by qPCR as having
their expression ratio within the interval 0.9-1.1. For adult worms, the normalizers were gran-
ulin (Smp_170550), ATP synthase subunit beta (Smp_029390) and serine threonine protein
phosphatase 2A (Smp_166290). For schistosomula, the normalizers were mitochondrial ATP
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synthase B subunit (Smp_154530) and casein (Smp_025010). In all cases, the average expres-
sion of normalizers was used for calculating the expression of the genes of interest.

Protein extraction and digestion for mass spectrometry

Schistosome parasites were lysed in lysis buffer containing urea (8 M), Mini Protease Inhibitor
Cocktail-Complete from Roche and 50 mM ammonium bicarbonate (Ambic). Extracted pro-
teins were quantified using Micro BCA Protein Assay kit (Pierce Biotechnology), reduced with
dithiothreitol (10 mM) for 30 min at room temperature and subsequently alkylated with
iodoacetamide for 30 min in the dark. Following incubation, the samples were diluted in 20
mM Ambic, pH 7.5, and digested with trypsin (Promega V5111) 1:50 (w/w) overnight at room
temperature. Samples were acidified with trifluoroacetic acid (TFA) (1% final concentration)
and centrifuged at 14,000 g for 10 min to stop trypsin digestion. Supernatant was collected and
dried prior to desalting. Three biological replicates for treated and untreated conditions were
processed and analyzed.

Peptide desalting for mass spectrometry

Samples were resuspended in 0.1% TFA and desalted using homemade micro-columns com-
prised of a C18 plug taken from a C18 disk (Sigma-Aldrich) with the constricted end of a P200
tip inserted into the disk. The acidified samples were loaded onto the micro-column by apply-
ing a gentle air pressure with the syringe and washed three times with 0.1% TFA. Peptides
were eluted with 50% acetonitrile (ACN)/ 0.1% TFA, followed by 70% ACN/ 0.1% TFA.

Mass spectrometric analyses

Peptide samples were dried in the Speed-Vac, resuspended in 0.1% formic acid (FA) and ana-
lyzed using an EASY-nLC liquid chromatography system (Thermo Scientific) coupled to
LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific). The peptides were loaded on a
Reprosil-Pur C18-AQ (3 um) column and separated in an organic solvent gradient from 100%
phase A (0.1% FA) to 30% phase B (0.1% FA, 95% ACN) during 80 min for a total gradient of
105 min at a constant flow rate of 300 nL/min. The LTQ-Orbitrap Velos was operated in posi-
tive ion mode with data-dependent acquisition. The full scan was acquired in the Orbitrap
with an automatic gain control (AGC) target value of 10e6 ions and a maximum fill time of
500 ms. Peptides were fragmented by collision-induced dissociation. Ions selected for tandem
mass spectrometry (MS/MS) were dynamically excluded for a duration of 30 s. Each MS scan
was acquired at a resolution of 60,000 FWHM followed by 20 MS/MS scans of the most intense
ions. All raw data were accessed with the Xcalibur software (Thermo Scientific).

Protein database searches and analyses

Raw data were processed using MaxQuant software version 1.5.2.8 and the embedded database
search engine Andromeda [46]. A custom reference Proteins Database was used (http://
verjolab.usp.br); this fasta file contains the >Smp_nnnnnn protein sequences [37] from
Ensembl (http://metazoa.ensembl.org/Schistosoma_mansoni/Info/Index) plus the 212 novel
protein sequences (>cnnnn-gn-in) described by Anderson et al. [15] and the micro-exon
genes (>MEGnnnnnn and >GUnnnnnn sequences) described by DeMarco et al. [47]. The
MS/MS spectra were searched against this custom reference database with the addition of
common contaminants, with an MS accuracy of 4.5 ppm and 0.5 Da for MS/MS. Cysteine car-
bamidomethylation (57.021 Da) was set as the fixed modification, and two missed cleavages
for trypsin. Methionine oxidation (15.994 Da) and protein N-terminal acetylation (42.010 Da)
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were set as variable modifications. Proteins and peptides were accepted at FDR less than 1%.
All raw data have been submitted to the PRIDE archive [48,49].

Label-free quantitation (LFQ) was performed using the MaxQuant software with the
“match between runs” feature activated. Protein LFQ intensity of each of the three biological
replicates of treated and untreated samples were used for further statistical analyses. Proteins
with valid values in at least two replicates of each biological condition were kept in the analy-
ses. Exclusive proteins were identified in at least two biological replicates of one condition and
in none of the other. Significantly regulated proteins were determined using the Welch’s t-test
using the Perseus v.1.5.1.6 software [50], and a p < 0.05 was used as significance threshold.

Results
Phenotypic effects of GSK343 on S. mansoni adult worms and eggs

The S. mansoni adult worms exhibited decreased motility when exposed to GSK343, and this
was dependent upon concentration and incubation time (Fig 1A). After 48 h the adult worms
lost approximately 40% of their motility at the sublethal dose of 20 pM GSK343 (Fig 1A), there
was impairment of the peristaltic movement and the ability of their suckers to adhere to the
bottom of the culture plates. When exposed to 50 uM GSK343, the motility of the worms was
altered after 12 h of incubation (Fig 1A). At 24h the motility was further decreased to 50%, and
some dead worms were already observed. At 48 h with 50 pM GSK343, all worms were classi-
fied as dead (Fig 1A). Pairing of the couples was reduced to approximately 50% in relation to
the control with 20 uM GSK343 after 48 h of exposure (Fig 1B). With 50 uM GSK343 pairing
was drastically reduced to nearly zero already at 3 h of exposure (Fig 1B). Viability measured
by ATP quantitation in adult worms after 48 h exposure to the compound (Fig 1C) was
reduced to 50% in parasites treated with 20 uM GSK343 compared with controls (DMSO),
and it was further reduced to less than 20% with 50 pM GSK343.

Throughout the observation intervals (3, 6, 12, 24 and 48 h), S. mansoni adult worms
exposed to vehicle (DMSO 0.1%) exhibited normal peristaltic movements and characteristic
waves along the body axis, suckers in constant movement, showing occasional adherence to
the bottom of the culture plate through the ventral sucker; Pairing was maintained in the con-
trols (Fig 1A and 1B).

With scanning electron microscopy (SEM), it was possible to detect the phenotypic differ-
ences between control and treated male adult worms. The tegument of control adult worms
showed no morphological and structural changes (Fig 1D, panels 1 to 5). With 20 uM
GSK343, after 48 h exposure, the presence of blebs in the dorsal region was observed, causing
the tegument to appear distended (Fig 1D, panel 8) in some parts, possibly due to ballooning
of the subtegumental region, and this was a constant characteristic present in all adult worm
males analyzed with SEM. Areas of lesion near the tubercles were sometimes visualized, with
fissures in the tegument surface and the presence of deep chasms between the dorsal tubercles
(Fig 1D, panel 9). At the anterior and posterior regions of the parasite, no alterations were
detected (Fig 1D, panels 6, 7 and 10).

In females treated with 20 uM GSK343 for 24 or 48 h of incubation, severe damage to the
tegument is visualized (Fig 2) exhibiting extensive sloughing that exposes subtegumental tis-
sues. The presence of peeling (Fig 2M) and blisters can be seen throughout the extension of
the dorsal region of the female (Fig 2E, 2F and 2N). In Fig 2G and 20, the larger magnification
permits visualization of the rupture of blisters where possibly there was extravasation of cyto-
plasm. The anterior region of the females presented damage to the tegument only after 48 h of
incubation with the compound (Fig 2P). In addition, after 24 or 48 h of incubation with 20 uM
GSK343 there was a decrease of about 40 to 60% in the number of eggs laid by these females in
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Fig 1. In vitro effects of GSK343 on the motility, pairing, viability and ultrastructure of S. mansoni adult worms. (A) Percentage of relative motility of
adult worms treated with different concentrations of GSK343 and controls (0.1% DMSO) at different times of exposure from 3 to 48 h. Mean * SD of three
experiments, each with 10 worm pairs. (B) Monitoring the pairing of controls and treated couples with different concentrations of GSK343 at different times
of exposure from 3 to 48 h. Mean + SD of three experiments, each with 10 worm pairs. (C) Viability was estimated by the total amount of ATP available in the
parasites, using a luminescent assay. Pairs of adult worms were treated for 48 h with GSK343 at the different concentrations indicated or with vehicle (0.1%
DMSO). The viability was expressed as % the luminescence values relative to the control (DMSO). Mean + SD from three replicate experiments, each with 10
worm pairs. For panels (A), (B) and (C): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with control. (D) Scanning electron microscopy of
worms exposed for 48 h to 20 uM GSK343 (note that the size bar is shown within the black thin line below each image); panels 1 and 2: Male and female
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control (Bar = 500 um; 200 um) presenting the couple fully paired; panels 3 and 4: Medial dorsal region of the male presenting tegument without structural
alterations (Bar = 100 pum; 10 um); panel 5: Male posterior region without morphological alterations (Bar = 50 pm). panels 6 and 7: Adult worm treated with
GSK343 and its anterior region (Bar = 500 pum; 100 pm); panels 8 and 9: Enlarged view of dorsal region of adult worm treated with GSK343 showing lesions of
tegument around the tubercles; panel 10: Posterior region of male adult worm treated with GSK343 (Bar = 100 um). f: female; os: oral sucker; vs: ventral sucker;
b, blebs; tb: tubercles; la: lesion area.

https://doi.org/10.1371/journal.pntd.0006873.g001

relation to the control (Fig 3C). It is worth pointing out that the percentage reduction in egg
laying remains fairly constant from 24 to 48 h treatment, in contrast to the observed increase
in lesions on the worms.

SEM of eggs released by females incubated with GSK343 was performed (Fig 3A, panels 5
to 8). These eggs were phenotypically different from control eggs (Fig 3A, panels 1 to 4). They
showed fissures in the shell (Fig 3A, panels 6 and 8) and a 30-40% reduction in area (Fig 3B).

Phenotypic effects of GSK343 on S. mansoni juvenile worms

S. mansoni juvenile forms were treated with GSK343 and observed by SEM (Fig 4). In control
(untreated) parasites the tegument appeared intact, the anterior region presented no structural
alterations (Fig 4, panels 1 to 3) and at high magnification, the surface had a spongy appear-
ance without morphological changes (Fig 4, panels 4 and 5).

In juvenile worms treated with GSK343 (20 and 50 uM) the dorsal surface ridges were sev-
erally damaged, they presented blisters in much of the dorsal tegument, with sloughing and
erosion (Fig 4, panels 9, 10, 14 and 15). Anterior region damage was seen only in worms
treated with 50 uM GSK343, with the oral sucker partially destroyed (Fig 4, panels 11 to 13).
The viability of juvenile worms was measured by the quantitation of total ATP in the parasites.
At 24 h an approximate 20 to 30% decrease in viability of parasites was observed when treated
with 20 uM and 50 uM GSK343 (Fig 4B, black bars). At 48 h exposure of juvenile parasites to
GSK343 an approximate 20 to 30% decrease in viability was already observed at 10 and 20 uM
GSK343 (Fig 4B, gray bars). At 50 uM GSK343 a 70% decrease in viability of juvenile worms
was observed (Fig 4B, gray bar).

Phenotypic effects of GSK343 on S. mansoni schistosomula

Schistosomula mechanically transformed from cercariae were incubated for 16 h in culture
medium and micrographs of typical schistosomula were obtained (Fig 5A, panels 1 and 6). At
this time vehicle (0.1% DMSO) was added to control schistosomula, parasites were further incu-
bated and normal development was documented at 24 h (Fig 5A, panels 2 and 3) and at 48 h
(Fig 5A, panels 4 and 5). In contrast, when GSK343 was present in the medium, no apparent
development or change in size was observed (Fig 5A, panels 7 and 9) compared with schistoso-
mula pre-treatment (Fig 5A, panel 6). Deterioration of the tegument was observed at higher
magnification (Fig 5A, panels 8 and 10), with the presence of many surface blisters, intense con-
traction and loss of numerous spines that covered the whole body of the parasite. Fig 5B shows
that while the average length of control schistosomula significantly increased 1.4-fold in the
period from 24 to 48 h on incubation with 0.1% DMSO (110 pm / 79 pm = 1.4), the average
length of schistosomula treated with 20 uM GSK343 significantly increased only 1.1-fold
(74 um / 67 um = 1.1) during the same period of time (Fig 5B), resulting in a significantly 4-fold
lower rate of growth (p < 0.001) and in significantly smaller treated schistosomula at 48 h incu-
bation (average length 74 pm) compared with controls (average length 110 pm) (p < 0.001).
Exposure of schistosomula for 48 h to 20 uM GSK343 significantly increased caspase 3/7
activity by 17-fold, when compared with control parasites (Fig 5C). Caspases 3 and 7 are acti-
vated in both the extrinsic and intrinsic apoptosis pathways [51], and their activity was also
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Fig 2. Damaged dorsal surface of S. mansoni adult female worms exposed to 20 uM GSK343 for 24 and 48 h. Scanning electron microscopy of parasites;
note that the size bar is shown within the black thin line below each image. (A, B and C) Images of dorsal region of female control worms, incubated with
DMSO (0.1%) for 24 h, without structural alterations (Bar = 30 pm; 10 um and 10 um).; (D) Anterior region of female control worm incubated for 24 h with
vehicle (Bar = 50 um); (E, F and G) Middle dorsal region of females incubated with GSK343 for 24 h presenting apparent surface damage of the membrane
with the presence of several blisters in the tegument (Bar = 20 pm; 20 um and 5 pm); (H) Anterior region of female worm treated with GSK343 for 24 h
without structural alterations (Bar = 50 um); (I, J and K) Dorsal region of female control worms, incubated with DMSO (0.1%) for 48 h presenting the entire
tegument without changes (Bar = 50 um; 5 um and 2 um); (L) Anterior region of female control worm incubated for 48 h with 0.1% DMSO showing no
alterations. (Bar = 50 um); (M, N and O) Middle dorsal region of females incubated with GSK343 for 48h showing peeling of the tegument and presence of
blisters (Bar = 50 um; 10 um and 5 um); (P) Anterior region of female worm treated with GSK343 for 48 h presenting peeling of the tegument and the ventral
sucker (Bar = 50 um). os: oral sucker; vs: ventral sucker; b: blisters; p: peeling.

https://doi.org/10.1371/journal.pntd.0006873.g002

increased after treatment of schistosomes with the HDAC inhibitor TSA [12]. Additionally,
the capacity of GSK343 to induce apoptosis in schistosomula was measured using a TUNEL
assay to detect DNA double strand breaks in schistosomula treated with 20 pM GSK343 for 72
h. The results indicate that this inhibitor induced fragmentation of DNA, with specific green
staining clearly observed along the entire worm (Fig 5D, panel 4). No auto fluorescence was
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Fig 3. Decrease in egg size and oviposition in S. mansoni females exposed to 20 pM GSK343 for 24 or 48 h. Scanning electron microscopy of eggs; note that the size
bar is shown within the black thin line below each image. (A) Micrographs of eggs from control females not exposed to the compound (0.1% DMSO); panels 1 and 3:
Oval egg with normal lateral spine (s) at 24 and 48 h (Bar = 40 pm); panels 2 and 4: the surface of the eggs shows normal micro spicules at 24 and 48 h incubation

(Bar = 2 um). Micrographs of eggs from females exposed to GSK343 (20 uM); panels 5 and 7: Reduced egg size with lateral spine (s) at 24 and 48 h of treatment

(Bar = 40 um); panels 6 and 8: the surface of the eggs show fissures at 24 and 48 h (Bar = 2 um; 3 um). (B and C) Total area dimension of S. mansoni eggs and number of
eggs released by females incubated with GSK343 (20 uM) or vehicle (0.1% DMSO), respectively. “** p < 0.001.

https://doi.org/10.1371/journal.pntd.0006873.g003

detected, as can be seen by the absence of gre